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a  b  s  t  r  a  c  t
Near  surface  gas  measurements  are presented  from  a  shallow  (20  m  depth)  CO2 injection  experiment
at  the CO2 Field  Lab  site  in  Svelvik,  Norway,  which  was  designed  to  test  a variety  of monitoring  tools.
Small  areas  of  surface  seepage  of CO2 were  detected  during  the  experiment  and  these  spread  as  the
injection  rate  was increased.  These  features  only  accounted  for  a  small  fraction  of  the injected  gas. Isotopic
measurements  revealed  traces  of  injected  CO2 at 50  cm  depth  nearer  the injection  point.  The  spatial  extent
of this  is  unknown  but it is  not  likely  to imply  a signiﬁcant  amount  of CO2 seepage.  The  locations  of  the
gas  escape  were  not  as  anticipated  by prior  modelling  and highlight  the  difﬁculty  of  predicting  whereorway leakage  may  occur  and,  hence,  where  to deploy  monitoring  equipment.  This  unpredictability  and  the
limited  size  of the seeps  implies  that  monitoring  will  have  to be  ﬂexible,  preferably  mobile  and  capable
of  detecting  small  features  in  large  areas  if successful  leakage  detection  at surface  is  to  be  achieved.  Low
level seepage,  such  as  that  suggested  isotopically  here,  could  be  signiﬁcant  for carbon  auditing  if it occurs
over  wide  areas.  This could  be tested  in areas  of  natural  CO2 seepage.
ublis©  2014  The  Authors.  P
. Introduction
Carbon capture and storage (CCS) is considered to be an impor-
ant part of the lowest cost solution for achieving greenhouse gas
missions reduction targets (International Energy Agency, 2009). A
arge number of projects will be needed worldwide if these targets
re to be met. Whilst a carefully selected and well managed geolog-
cal CO2 storage site is not expected to leak, the possibility needs
o be considered, and leakage detection monitoring is required
y legislation, such as the EU Directive on Geological Storage of
O2 (European Union, 2009b). Should any leakage occur, then the
mendment to the European Emissions Trading Scheme (European
nion, 2009a) requires that it is quantiﬁed.
Monitoring techniques have been tested at sites across the world
t different scales. However, protocols for leakage detection are not
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750-5836/© 2014 The Authors. Published by Elsevier Ltd. This is an open access article uhed  by Elsevier  Ltd. This  is an open  access  article  under  the  CC BY  license
(http://creativecommons.org/licenses/by/3.0/).
yet mature and further testing is required to deﬁne the sensitivi-
ties of a range of techniques to detect migration and leakage of CO2
in the near surface environment. The CO2 Field Lab project (Bakk
et al., 2012; Dillen et al., 2009) aimed to assess monitoring systems
using controlled CO2 injection experiments at its site near Svelvik in
Norway. The aim of the ﬁrst stage of the project was  to inject CO2 in
a shallow, 20 m deep, 45◦ inclined borehole and to apply a range of
monitoring methods to track the subsurface movement of the CO2
and its eventual leakage to the atmosphere. This shallow experi-
ment was intended as a precursor to a deeper injection. It provided
an opportunity to test various monitoring methods (e.g. geophysics,
hydrogeochemistry, surface gas) at the site, with a view to studying
the impact of the vadose zone on the measurements. The shallow
experiment also provided an opportunity to rehearse and coordi-
nate all surface monitoring methods before they are applied to the
monitoring of a deeper injection. The deeper experiment would
also allow additional techniques to be assessed, such as seismic, to
visualise the CO2 distribution underground.2. Background
The experimental site is on the Svelvik Ridge about 50 km south
of Oslo (Fig. 1). It occupies a non-active part of a sand and gravel
nder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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In collaboration with the University of Rome “La Sapienza”, aFig. 1. Location of the CO2 Field Lab site at Svelvik.
uarry, which is located in a glacioﬂuvial-glaciomarine terminal
eposit formed during the Ski stage of the Holocene deglaciation
Sørensen, 1981). The ridge extends across Drammensfjord and
eaches a height of 70 m above sea level (See Figure 1 in Barrio
t al., in press and Figure 3 in Dillen et al., 2009), although the shal-
ow experiment was on a ﬂat area at an elevation of no more than
bout 5 m above sea level. The chosen site comprises cross bedded
nd southerly dipping sediments in the top 9 m,  based on Ground
enetrating Radar data, and NNW-SSE reﬂectors below 20 m depth,
een on 2D seismic sections. The laminated and channelled nature
f the sediments was apparent in post-experimental sampling, with
rain sizes ranging from coarse sand to cobbles and similar to the
ediments visible in near vertical exposures higher up the ridge.
oarse sand free of pebbles was recovered below 19 m,  just above
he injection depth of 20 m.
The CO2 was injected through a well drilled at 45◦ inclination
o a target depth of 20 m,  with the well head and injection equip-
ent located 20 m to the east of the injection point. From the 7th
o 12th September 2011, 1.7 tonnes of CO2 were injected with a
ell head pressure of 1.9–2 bar. The injection of CO2 was contin-
ous, however the rate was increased in four incremental stages
rom 5 kg per hour up to 17.5 kg per hour (Fig. 2). The shallow
ubsurface was monitored using a combination of geochemical
nd geophysical techniques, including downhole geophysical and
eochemical monitoring and surface gas and bacterial activity mon-
toring (Barrio et al., in press; Gal et al., 2013). The water table was
t about 1 m depth, although this ﬂuctuated by up to 20 cm in the
rea around the injection point during the experiment. Below about
2–15 m the groundwater passed generally from fresh to saline
ater of near seawater composition.
This paper presents the results of near surface gas monitoring
ssociated with the shallow injection experiment carried out by
he British Geological Survey (BGS) and the Bureau de Recherche
éologique et Minière (BRGM) with collaboration on continuous
oil gas monitoring from the University of Rome ‘La Sapienza’. An
verview of the whole experiment is provided elsewhere (Barrio
t al., in press) and the hydrochemical results have also been
eported (Gal et al., 2013).Fig. 2. Injection rates measured using ﬂow rates and pressures at the well head
during the shallow experiment.
3. Materials and methods
Measurements included near surface gas concentrations, CO2
ﬂuxes across the ground surface into the atmosphere, concentra-
tions (and calculated ﬂux rates) in the near ground atmosphere and
isotope measurements both in groundwater and surface gas. Con-
tinuous measurements were made at a relatively small number of
locations and areal coverage was achieved by point measurements
at periodic intervals.
Soil gas samples were collected by one of two methods. Firstly,
BGS used a probe consisting of an 8 mm diameter (4 mm ID)
stainless-steel tube onto which two  solid steel cylinders were
welded to act as pounding surfaces when installing and removing
the probe with a co-axial hammer. Prior to insertion, a sacriﬁcial
tip was  ﬁtted to the bottom of the probe to prevent blockage. The
probes were inserted to a depth of 50 cm.  This is shallower than the
normal depth for such measurements (80–90 cm) but the greatest
that could be achieved across the site consistently because of the
abundant pebbles and larger clasts within the sediments. In situ soil
gas measurements of CO2, H2S, CH4, and O2 concentrations were
made using a Draeger X-am 7000 or a Geotechnical Instruments
GA2000 portable gas analyser. 222Rn (radon) and 220Rn (thoron)
were measured via the soil gas probes using a Pylon AB5 radon
monitor. Since the measurement grid was  marked out it was pos-
sible to re-occupy the same sample points exactly or within a few
centimetres.
In addition, soil gas concentrations were assessed daily by BRGM
(also at 50 cm depth) through permanently installed 1 m long cop-
per sampling tubes, installed into a drilled hole, using another
portable infra-red gas analyser (LFG20). CO2 and O2 were directly
evaluated in the ﬁeld and an additional sample was  collected in
a glass scintillation ﬂask to determine 222Rn activities later that
day (3–6 h after sampling) using an Algade CALEN alpha counting
system. As background CO2 concentrations in the soil were often
close to atmospheric levels, more accurate CO2 (and O2, N2 and
Ar) data were obtained by collecting samples in Tedlar bags and
analysing the gas 1–2 h after sampling in a ﬁeld laboratory using a
portable gas chromatograph (Agilent 3000A microchromatograph).
A small number of samples were later analysed by laboratory gas
chromatography to check the ﬁeld values and to provide C isotope
data.Gas Probe (“GasPro”) monitoring station was  installed by BGS  to
continuously measure the concentration of CO2, temperature and
atmospheric pressure at three separate points using probes buried
3 f Greenhouse Gas Control 28 (2014) 300–317
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Fig. 3. Locations of survey sampling points on the local grid (in m).  The small grid
(green) surrounds the injection point, within the larger grid (purple) and its north-
ward extension (pink). Other points provided detail in areas of surface leakage of
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t 50 cm depth. Continuous records were also obtained by BRGM
rom two Barasol 222Rn probes and from a CO2/O2 probe (Gas-
lam) installed in boreholes at 50 cm depth. CO2 concentrations
nd carbon (ı13C) and oxygen (ı18O) isotope composition of CO2
as were measured continuously 50 cm above the water table using
n Aerodyne Quantum Cascade laser instrument.
CO2 ﬂux measurements were taken by BGS using a West Sys-
ems portable ﬂux metre with a LICOR LI-820 IR detector connected
ia Bluetooth to a Trimble Juno or Acer n300 palm-top computer
PDA) with built-in GPS. Measurements took 1–3 min  depending on
he soil ﬂux rate. Flux was normally measured before soil gas adja-
ent to the soil gas points. A continuous ﬂux monitoring station
as also installed by BGS at the site, consisting of a Licor Li-8100
ystem with a Li-8150 multiplexer and four accumulation cham-
ers controlled by the Licor automated operating and data-logging
ystem.
Flux was also determined by BGS using the eddy covariance
EC) method. A Campbell Scientiﬁc EC system, mounted on a tri-
od at a height of 2 m,  measured 3D wind parameters and CO2
oncentration, air temperature, pressure and relative humidity at
0 Hz. The data were post-processed using the software tool EdiRe
Edinburgh University, 2011), which produces a range of corrected
eans, deviations and ﬂuxes after a number of de-spiking, ﬁlter-
ng and correction processes. Data were, in general, computed for
0-min intervals.
Atmospheric CO2 concentrations were measured by BGS with
 Boreal Laser open-path laser CO2 probe linked to a GasFinder FC
nalyser. Data were collected every second using Boreal GasMap
oftware with positions from either a Pharos or Trimble ProXT GPS
eceiver. The laser system was deployed mainly in static mode, at
ifferent locations, with the probe measuring only a few cm above
he ground surface. The equipment was tested brieﬂy in mobile
ode by hand carrying the system around the site, but mobile oper-
tion was difﬁcult because of the profusion of other monitoring
quipment deployed at the site.
In addition to the meteorological parameters obtained with
he EC system, supplementary data were gathered by BGS with a
aCrosse WS2801-IT weather station set up on the portacabin on
he site; sensors mounted on the roof gave averaged hourly read-
ngs of temperature, pressure, relative humidity, wind speed and
irection and rainfall.
As well as surface gas measurements, BRGM was also responsi-
le for most of the groundwater monitoring, the results of which
ig. 4. Locations of BGS ﬁxed monitoring equipment on the local grid (in m): baseline lo
ust  east of the portacabin. Locations during the experiment are those in the central are
eakage was  detected). Static laser measurements were made above the injection well toCO2. ALERT1 to 4 are four electrical resistivity tomography wells equipped with
water sampling ports.
are described elsewhere (Gal et al., 2013). Geophysical monitoring
included resistivity (downhole and tomography), ground penetrat-
ing radar and downhole gamma and electrical logging (described
by Barrio et al., in press).
3.1. Deployment
A rectangular grid of soil gas and ﬂux points with a 5 m spacing
was set up by BGS in July 2011 with the injection point near its
centre (Figs. 3 and 4). This extended 35 m E–W and 25 m N–S cov-
ering the ﬂat part of the site, bounded by the track to the N, slope to
the S, injection well head to the E and portacabin to the W.  A more
detailed 2 m grid was  set up in the 8 × 8 m central area covered by
geophysical monitoring (Fig. 3). These grids were used for baseline
soil gas and ﬂux readings in July and for measurements associated
with the injection experiment in September. The area was extended
for the experiment over a 40 × 20 m area to the north, with 10 m
spacing, to cover possible updip migration of CO2. Once leakage at
cations of GasPro gas monitoring station and continuous ﬂux chambers are shown
a (arrows indicate the positions that ﬂux chambers were moved to once surface
e and adjacent to the ﬂux chamber near the injection well head.
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F
an  ALERT and BH wells and other wells mostly outside this area to the north (not
hown). Injection well toe was at G0.
urface was identiﬁed, more detailed patterns (with 1–2 m spacing)
ere measured to delineate it.
The EC system was set up 17 m to the west of the injection well
oe, close to the portacabin (Fig. 4) and remained in this position
ntil the end of the injection experiment. The continuous ﬂux and
oil gas equipment was initially placed near the EC tripod to avoid
t being damaged during the drilling of the monitoring wells. It was
hen moved into ﬁnal position at the start of the experiment on 5
eptember 2011 (Fig. 4).
Fixed soil gas probes were also placed adjacent to each of the
uried continuous GasPro sensors in September to provide an inde-
endent assessment of their calibration and 4 probes were placed
n a 4 × 4 m square with the injection well at its centre, whilst a
nal ﬁxed probe was installed near the EC system, 15 m W of the
njection point (Fig. 4). Repeated measurements were made at these
oints throughout the experiment.
Fourteen ﬁxed gas probes were also sampled by BRGM on a daily
asis (Fig. 5). CO2 and C isotopes were measured continuously in
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BH01, CO2 was  also measured in one adjacent shallow borehole and
Rn in another (Fig. 5), as well as one to the north-west away from
the injection area.
4. Results
4.1. Weather
Weather data were recorded from 25 July to 15 September 2011,
but the rain gauge did not function correctly after the end of August.
Atmospheric air temperature and barometric pressure readings
were highest in late July and early August, with lower humidity.
Conditions after 7 August were similar to those during the injec-
tion period. Barometric pressure varied from 1003 hPa at the start
and end of the injection period to 985 hPa on the morning of 7
September and 980 hPa on the morning of 13 September. The high-
est pressure (1006 hPa) was recorded on the afternoon of the 10th.
The low pressure was associated with heavy rain, from about 16:00
on 6 September and overnight into the 7th and during the day on
12 September and the evening of the 13th. This had some effect
on near surface gas data, particularly affecting ﬂux values for some
hours immediately after the heavy rain, but given the very high per-
meability of the ground these effects were not long lasting. Free gas
could nearly always be sampled at 50 cm depth even after rainfall.
Air temperatures varied between minima of 6 and 13 ◦C and
maxima of 20–25 ◦C with the lowest diurnal range during the low
pressure periods. Humidity levels varied from night time highs of
up to 96% to daytime values as low as 40–50% (minimum 33%) dur-
ing the ﬁnest weather. Wind speeds were generally low, mostly
below 2.5 m s−1 but reached 3.9 m s−1 on 13 September i.e. light
breezes on the Beaufort wind force scale. The strongest gust was
only 5.5 m s−1 (gentle breeze in Beaufort terms).
4.2. Baseline measurements
Observations were made by BGS on the survey grids on 26–27
July 2011 and immediately before injection on 6 September.
Continuous BGS baseline monitoring took place from the July
dates until 5 September and was  recommenced later that day
after the instruments had been relocated to their experimentalThe soil CO2 concentrations and surface CO2 ﬂux values were
low for both sets of baseline observations (Figs. 6 and 7) although
there were small differences. Mean and median CO2 concentrations
0
20
40
60
80
100
120
Rn Bq L-1
0
20
40
60
80
100
120
Rn Bq L-1
Sept
0
2
4
6
8
10
12
14
16
18
CO2 Flux
g m-2 d-1
July Sept
ediately before injection in September 2011 (diamond shows mean value, asterisks
304 D.G. Jones et al. / International Journal of Greenhouse Gas Control 28 (2014) 300–317
F art of i
a
w
s
J
eig. 7. Baseline survey data for soil gas and ﬂux for July (left) and just prior to the st
nd  toe of injection well, crosses ALERT wells, points are sampling points.ere similar at less than 0.2%, but the spread of most values was
lightly greater in September (3rd quartile of 0.25%, with 0.15% in
uly). Fluxes were signiﬁcantly higher in July albeit still at low lev-
ls (maximum of 15.7 and median of 2.8 g m−2 d−1 compared withnjection in September (right) plotted on the local grid (in m).  Diamonds show head8.6 and 1.6 g m−2 d−1 in September). Similarly low levels of both
concentration and ﬂux were obtained from a smaller number of
measurements during a site appraisal in September 2010 (Bakk
et al., 2012).
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BRGM baseline data, consisting of 5 days of observations just
rior to injection at the 14 ﬁxed sampling tubes, also yielded a low
ean CO2 concentration of 0.12%. This is consistent with appraisal
evels recorded across the whole Svelvik Ridge in 2010, including
egetated areas, which gave a mean of 0.37%.
Radon concentrations measured by BGS (Figs. 6 and 7) were
oderately high and, like CO2, showed an increase in mean levels
nd the range of values in September (mean and median of around
0 Bq L−1 in July and 40 Bq L−1 in September; range extending to
lmost 80 Bq L−1 in July and 100 Bq L−1 in September).
The highest ﬂux value in July (nearly 16 g m−2 d−1) was located
 m west of the toe of the injection well, but this was  not repli-
ated in September (Fig. 7). The radon map  in July showed a band
f higher values almost coincident with the line of the injection well
ut extending westwards to the edge of the area surveyed (Fig. 7).
his was ﬂanked by lower levels to the north and south. Higher val-
es were again apparent in the NE corner of the grid. The pattern
as similar in September, with again the highest concentrations in
he NE corner (Fig. 7).
.2.1. Continuous measurements
The buried GasPro CO2 monitoring sensors also recorded low
O2 concentrations that were all below 0.45% (Fig. 8). Levels varied
etween the three probes over the 40 days of recording as did the
xtent of the diurnal variations, which were most prominent in
robe 0 and most muted in probe 2, but did not normally exceed
.1%. Longer term trends were also apparent and of slightly larger
agnitude, with a general fall in CO2 concentrations in all 3 probes
ver the last two thirds of the period.
The continuous monitoring with the GasClam gave CO2 values
elow 0.1% both during the baseline and injection periods.
The four continuous monitoring ﬂux chambers all showed a
ery clear diurnal pattern with values generally no higher than
 g m−2 d−1 and a daily variation of 1–3 g m−2 d−1 over the base-
ine period, although recording stopped on 6 August when the
olar panels were unable to provide sufﬁcient charge to the battery
owering the installation.
Baseline temperature and pressure conditions from the EC sys-
em exhibited a wide range of ﬂuctuations over the month, with
aytime temperature highs and nightly lows creating a sinusoidal
iurnal pattern also seen in the weather station data. Large scale
ressure oscillations represented weather systems moving across
he site. For comparison of CO2 concentration and ﬂux data it
as important to ﬁnd a period in the baseline where atmospheric
onditions were similar to those during injection, as temperature,
ressure, wind speed and direction can have a major impact onnhouse Gas Control 28 (2014) 300–317 305
CO2 release at the ground surface. The period 6th–15th August was
selected as it was  the same length as the experimental injection
period and atmospheric variables, and the trends, were similar. Also
this was a period when there were no other activities on site, as
the drilling of the injection well was  completed and work on the
monitoring wells had not been started.
4.3. Injection experiment measurements
The 5 m grid was repeated on 8 September (following the start of
injection at 10:00 on 7 September) with similar results to the base-
line surveys (Fig. 9) until a point was measured 5 m W of the head
of the injection well, at 14:51 local time (UTC + 2), with a CO2 con-
centration at 50 cm depth of 86%. Investigations around this point
showed values to the E of almost 100%. The area of venting was  then
covered by a 1 m grid of CO2 concentration and ﬂux readings, show-
ing a near circular zone of high CO2 concentrations approximately
8 m across, centred about 4 m WSW  of the head of the injection well,
and a smaller (about 3 m diameter) patch of high CO2 ﬂux, with a
maximum value of 1886 g m−2 d−1, centred only 1 m W of the head
of the injection well (Fig. 9). Two  lobes of higher ﬂux extended out
from this some 4 m to the SW and 5 m to the WNW.
The initial area of gas venting was re-examined the following
day (9 September) with a 2 m grid (Fig. 9). The area of high CO2
appeared to have expanded slightly, perhaps spreading by up to
1 m.  The area of higher ﬂuxes seemed to match more closely to
that of the CO2 concentrations but with a clearer lateral expansion
of some 2 m to the SW.
On 10 September the whole 5 m grid was  repeated, showing the
continued existence of the CO2 vent just W of the head of the injec-
tion well and suggesting a further lateral spreading of higher values
(Fig. 9). Also a higher CO2 concentration was discovered at about
15:00 (UTC + 2) in one of the BRGM ﬁxed soil gas sampling points
(G7), located about 13.4 m NE of the injection point (6 m E and 12 m
N). A series of 1 m spaced observations were made to delineate this
second area of surface leakage (Fig. 9). The 5 m grid points to the
NE and SE of this feature did not detect any CO2 just over 2 h before
the discovery but concentrations had risen slightly (from 0.0 to 0.8
and 0.2% respectively) when the points were re-measured some
5–6 h later. Concentrations of CO2 reached a maximum of 97% at the
centre of this second vent and the ﬂux readings showed a similar
pattern of values ranging up to 922 g m−2 d−1.
Surveys on 11 September looked at the continued development
of the initial vent near the injection well head and whether the
second vent was linked to it at the surface (Fig. 9). Flux measure-
ments showed that the ﬂow of CO2 was  impeded signiﬁcantly by
the heavy rain that had fallen overnight and created near saturated
ground conditions. The soil gas measurements conﬁrmed the slow
spreading of higher values suggested by limited data the previous
day and indicated clearly that there was  no near surface linkage
between the 2 vents.
A third area of CO2 leakage was discovered on 12 September at
about 10:00 local time (Fig. 10) when higher CO2 was seen by BRGM
in the ﬁxed gas probe G12, located 22 m N of the injection point.
This was  investigated with a 2 m grid and additional measurements
were made to track the continued development of the other 2 vents.
This new area was  more elongated than the others, being some
14 m N-S and 8–10 m E-W, based on elevated gas concentrations,
and linked to the second vent. There were 2 new centres of higher
ﬂux, linked to the earlier vent. The stronger, more northerly, of
these was  4 m N of the highest CO2 concentrations, but the concen-
tration plot is affected by a lower value in this area, which is likely
to be the result of atmospheric dilution because it was only pos-
sible to insert the sampling probe to a depth of 30 cm.  Maximum
ﬂuxes were over 1200 g m−2 d−1 at the most northerly point but
only 390 and 230 g m−2 d−1 at the linked centres further S. The area
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Fig. 9. Soil gas and ﬂux data for 8–11 September showing gas escape near the head of the injection well and near G7. Diamonds show head and toe of injection well, crosses
ALERT  wells, points are sampling points.
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Fig. 10. Soil gas ﬂux surveys 12–14 September showing 3 areas of gas escape including the new vent near G12. Diamonds show head and toe of injection well, crosses ALERT
wells,  points are sampling points.
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etween the injection well and the northerly vents was  tested on
1 September but no evidence for any surface leakage found. This
onﬁrmed previous observations of the 5 m grid on 10 September
nd measurements made on a few additional points on the previous
ay (not plotted).
The 3 vents show a strong NW-SE alignment, particularly in the
O2 concentration data, with a more N-S trend apparent in ﬂux and
n the elongation of the northernmost vent. Measurements were
ade along this alignment to the SE of the injection well head but
howed no indications of surface leakage.
Measurements were made of the pre-existing vents after injec-
ion ceased at 14:00 (UTC + 2) on 12 September. There was still
vidence of a slight continued expansion of the outer edge of the
njection well head vent and a small southward shift in the vent
ear G7.
On the following day the 2 most northerly points measured the
revious day on the northernmost vent showed a slight increase
n CO2 concentration (1.5–2.2% and 3.1–4.8%) and a further area of
igher values (up to 24%) was delineated to the NNE (Fig. 10). This
ould have been present, but unobserved, on the 12th. The core of
he northern vent was smaller, with a reduced area with concentra-
ions above 60%. The linked vent to the SE (near G7) showed a more
bvious reduction in concentrations at its centre, with the highest
alue dropping from 89 to 48%. A similar fall was also apparent for
he vent by the injection well. Flux rates showed a more marked
all, especially at the northerly vents, but they were affected once
ore by heavy overnight rainfall.h time, for the vent by the injection well: locations shown on the bottom map.
On 14 September all the gas leakage areas showed a clear con-
tinued fall in concentrations (Fig. 10). The reduction in ﬂux was
less pronounced because the drying ground conditions allowed
the CO2 to escape more freely. The few ﬁnal measurements on 15
September showed a further fall in gas concentrations and ﬂuxes
for the vent near G12.
The changes in gas concentration at individual locations over
time were broadly in accordance with the spatial variations. Values
in general increased during injection and then fell away almost
immediately once it had ceased, as illustrated for the vent near the
injection wellhead (Fig. 11). Thus, in most places, a steady state had
not been reached that reﬂected the constant injection rate over the
ﬁnal 3 days of injection. The pattern was different at individual
points because the CO2 vents spread over time and this continued
post-injection. A further complication is that the probes may  not
have been inserted each time at precisely the same point, or exactly
the same depth, so that small scale spatial (mostly on a scale of a
few centimetres) and depth-related variability may  also be present.
Probes were left in place at a few locations (e.g. at point 117) to
avoid these effects, but there were not sufﬁcient spare probes to
allow this at a large number of points.
4.3.1. Atmospheric and continuous measurements
When injection commenced CO2 was observed escaping directly
from the wellhead injection system into the atmosphere. The gas
emitted was  measured with a ﬂow meter and could therefore be
subtracted to obtain the total amount of subsurface injected gas.
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owever, this above ground source had a potential impact on
tmospheric gas measurements (i.e. the open path laser and eddy
ovariance methods) making the recognition of seepage from the
ubsurface more difﬁcult with these techniques. They were also
otentially affected by vehicle movements and the need to provide
ower from generators, although efforts were made to keep vehi-
les and generators as far away from the experimental area as
ossible.
.3.1.1. Eddy covariance. Wind direction and speed play an impor-
ant role in transporting gases released from the ground surface to
he point measurement location of the EC system. The low wind
peeds experienced during the measurement period reduced the
ize of the CO2 source footprint calculated for the EC system, poten-
ially enhancing its ability to detect CO2 leakage. However, during
he injection phase of the experiment, the wind direction was not
enerally conducive to observing a response to the surface CO2
eakage described above (Fig. 12). Air ﬂows during the injection
eriod were low with slightly higher wind speeds from the N to
E interrupting calmer periods of ﬂow from the SW.  Only rarely
approximately 20% of the time in September) did the wind come
rom the E to NE from the areas of surface CO2 leakage.
A diurnal pattern in CO2 concentration and ﬂux can be seen in
he data (Fig. 13). The ranges of CO2 concentrations and ﬂuxes were
omparable for both the baseline and injection periods, with no
igniﬁcantly higher values in September, at least for the 30 min
verages. CO2 ﬂux increases during the injection period suggest
hat a greater component of measured CO2 is sourced from thember monitoring period.
terrain surface. This contrasts slightly with the baseline data which
suggest that the terrain overall was  acting as a CO2 sink. However,
this shift to positive ﬂux was  only slight and the trend could have
been caused by inﬂuences external to the experiment.
Flux footprints were calculated as an average over the selected
baseline and injection periods (Fig. 14). Both periods show a simi-
lar distribution where the most likely CO2 source areas are within
the immediate vicinity of the instrument, and likelihood tails off
towards the predominant wind directions (i.e. to the SW and NNE).
Because the vents occurred at greater than anticipated distance
from the EC, and the wind speeds were low and variable in direc-
tion, the chance of their detection by the EC was reduced. As the
ﬂux footprints are similar in spatial distribution, and that for the
injection period shows no bias towards a particular direction in
comparison to the baseline data, it is unlikely that the injection
experiment had a signiﬁcant impact on atmospheric CO2 at the
point of EC measurement.
EC data were also averaged for both a pre-injection and during
injection period (6 and 9 September respectively) at 1 Hz intervals
(Fig. 15) to see if leakage could be detected in much shorter time
period data. This showed similar base levels for both days but gen-
erally more noisy data prior to injection, particularly after about
14:00 h UTC (16:00 local time). On the 6th the wind was almost
entirely from a westerly quadrant (NW-SW) suggesting possibly
higher CO2 from a generator located on that side of the site. In con-
trast, there was an easterly air ﬂow on the 9th, in the ﬁrst half of
the day; the greater variability in the CO2 concentrations over that
period, compared with the 6th (except between 0400 and 0500 on
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he 6th) may  reﬂect the leakage of CO2 associated with the experi-
ent. However, this could be from the CO2 escaping directly to the
tmosphere at the well head or the seepage through the ground
rom the injected CO2.
.3.1.2. Open path laser. The laser system was used to make static
easurements at the ground surface just above the injection point
or variable periods during the ﬁrst 5 days of the experiment, from
 September to 9 September (Fig. 16). No data were recorded on the
orning of 6 September owing to problems with the GPS signal.
There was a marked variation in CO2 concentrations during this
eriod, with values ranging from 330 to over 800 ppm. The rela-
ively small amount of pre-injection data (for 5 and 6 September)
alls in the lower part of the overall range (340–420 ppm) but
verlaps with results during injection (7–10 September) for the
ame time of day. Previous experience suggests that short-term
ariations (over a few seconds) are more indicative of CO2 leak-
ge than changes over minutes or hours (Jones et al., 2009) and it
oes appear that short term ﬂuctuations are more marked during-
njection, where spikes that exceed 100 ppm in amplitude can be
een (Fig. 16).
However, interpretation of the data in terms of seepage from
he injected CO2 through the ground, is made more difﬁcult by the
irect escape of CO2 to the atmosphere at the injection well head,
ust over 20 m from the measurement point. In the light wind condi-
ions this may  have caused a general build up of CO2 concentrations,
ith the gentle breezes carrying CO2-enriched air through the laser
eam. The leak was partially contained within the concrete ring that
rotected the injection well head, which gave rise to CO2 concen-
rations there that reached low percentage levels. Gaps between
he concrete structure and the ground surface allowed some gas
o escape at near ground level into the surrounding area; the top
f the ring was capped by a concrete lid, but this probably did not
orm a perfect gas tight seal. The above ground escape of CO2 makesFig. 15. 1 Hz averaged EC CO2 concentrations for 24 h periods prior to injection
(6  September) and during injection (9 September). Values are shown for off scale
points.
it very difﬁcult to separate out any response caused by CO2 seeping
through the ground from the injection.It would be expected that the well head leakage would give
a less pronounced response in CO2 concentrations for the eddy
covariance system, as this was roughly twice the distance away and
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Fig. 18. Comparison of continuous soil gas monitoring data from the three buried
injection stopped was exaggerated by heavy rainfall later the sameverlain on soil gas data for 9 September to show the position of CO2 vents at the
ime. Values outside this area were all below 350 ppm.
t a greater height. Data (1 Hz averages) from the EC were com-
ared with the static laser results from one pre-injection period
6 September) and one during injection period (9 September).
he EC data for 6 September compare quite closely to the more
imited laser results (Figs. 15 and 16), but the complete EC proﬁle
howed a change after about 14:00 (UTC) when the CO2 concen-
rations became much more variable. This suggests a source of CO2
elatively close to the EC. In contrast the post-injection example
resents a ﬂatter proﬁle with only minor spikes, which are more
ronounced at the start and end of the plotted period. This does
ndeed show a much reduced variability compared with the laser
esults.
Mobile laser measurements were made on 11 September, both
n the experimental area and, for comparison, further a ﬁeld
Fig. 17). The highest values were just north of the injection well
ead. Again it is difﬁcult to know if these result from the above
round escape of CO2 or the seepage of CO2 through the ground.
he impact of the CO2 seepage on atmospheric levels was very
robably subdued by the wet ground conditions following heavy
vernight rain immediately prior to these measurements. This may
xplain why the vent near G7 did not appear to produce a response
n the mobile laser data and suggests the direct escape of CO2 toGasPro sensors (0, 1 and 2) and the ﬁxed soil gas probe measurements. GasPro 1:
close to the well toe, next to Probe 22. GasPro 2: 1.2 m from the well toe, next to
Probe 74 and GasPro 0: 5.0 m from the well toe, next to Probe 75.
atmosphere at the wellhead is the likelier source of the higher val-
ues. There was  also no apparent signal from the more northerly
vent, but this was  not discovered until the following day and may
not have been developed at this time. The pattern of highest val-
ues just N of the injection well head and a broad band of slightly
higher values just N of this may  indicate a northward drift of CO2
from the well head; the average recorded wind speeds at this time
were less than 0.3 ms−1 and variable in direction. Values outside
the experimental area were uniformly low (Fig. 17).
4.3.1.3. Continuous soil gas monitoring. The three CO2 GasPro units
buried in the central area (above the well toe, but far from the
mapped leakage areas discussed above) continued to show the
overall declining trend that was  apparent in the period of more
than 3 weeks prior to injection, with good agreement between
the GasPro data and the manual samples collected from the ﬁxed
probes. Some diurnal variations are superimposed on this general
trend, most notably in probe 0 located furthest from the injection
point (Figs. 8 and 18). The diurnal changes of up to 0.1% were as
large as any other variations over the injection period. Therefore
any effects that might be due to surface leakage of CO2 were hidden
within the normal background variability. The GasClam similarly
showed no indication of leakage, with values remaining below 0.1%
throughout the monitored period.
4.3.1.4. Continuous accumulation chamber ﬂux monitoring. The con-
tinuous ﬂux monitoring above the injection point continued to
show diurnal patterns comparable, even if of lower amplitude, to
those seen in the July–August period for all four chambers when
deployed in the central area above the injection point (Fig. 19).
Flux rates there did not exceed 2 g m−2 d−1 and were suppressed
by the periods of heavy rainfall. When Chamber 1 was relocated to
the vent nearest the injection well head, ﬂux rates continued to rise
from around 70 g m−2 d−1 to over 450 g m−2 d−1. This was sited a
little way from the centre of the vent and thus does not represent
the maximum ﬂux rates. On the other hand the ﬂuxes on the second
vent near G7, which were recorded close to the vent centre, climbed
initially from 436 g m−2 d−1 to a maximum of 803 g m−2 d−1 then
varied between 560 and 800 g m−2 d−1. The ﬂux rates fell steeply at
both locations when injection was stopped, reaching similar min-
ima  between 20–30 g m−2 d−1. The reduction in ﬂuxes just afterday, which impeded surface ﬂow. Fluxes then rose as the ground
dried out before decreasing once again. Both ﬂux units deployed
on the vents had reached 34–35 g m−2 d−1 at the end of the
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easurements; clearly injected CO2 was still escaping at this stage
s both chambers above the injection point were only recording
.5 g m−2 d−1.
.4. Carbon and oxygen isotopes
Six CO2 samples measured for their ı13C during the 2010
ppraisal visit varied between −19.7‰ and −24.6‰.  The 2 samples
nalysed in the laboratory from the 2011 baseline yielded ı13C val-
es of −16.0 and −24.4‰ compared with local atmospheric CO2 at
11.9‰ and the injected CO2 at −30.4‰.
The CO2 concentrations, ı13C and ı18O of the injected gas and
he local atmosphere, measured in the ﬁeld, are reported in Table 1.
he atmospheric background CO2 concentration was  at an expected
evel, while the corresponding ı13C was slightly depleted in 13C
ompared with the baseline measurement probably indicating the
nﬂuence of vegetation in the surroundings of the site. ı18O of CO2
as consistent with values expected at these latitudes (Farquhar
t al., 1993). ı13C and ı18O of the CO2 from the injection tank were
ypical of industrially synthesised CO2 (Deines, 1980). These two
otential end-members exhibit signiﬁcantly distinctive carbon and
xygen isotope compositions to allow them to be distinguished.
The continuous monitoring at 1 Hz frequency throughout the
xperimental period at BH01 (at 50 cm depth in this 2 m deep bore-
ole) is reported as daily averages and standard deviations, both
or CO2 concentrations and corresponding ı13C and ı18O in Fig. 20.
he CO2 concentrations do not show signiﬁcant variations over this
eriod. The small variations seen are well within the diurnal atmo-
pheric range observed with other methods. However ı13C values
how a large range of values varying between −4.6 and −27.1‰,
hich can be explained by a binary mixing between atmospheric
nd injected CO2. The response appears to have been fairly rapid as
he average data from 8 September already displayed a decrease
n 13C which can be linked to the injection of CO2. Equilibrium
eems also to have been rapidly reached as ı13C was  at a constant
evel from 3 days after injection started (10 September) until 14
able 1
O2 concentrations and isotope compositions for atmospheric background and
njected gas.
End-member CO2 concentration
(ppm)
ı13C CO2 (‰ vs
PDB)
ı18O CO2 (‰ vs
SMOW)
Atmospheric
background
384 −13.7 ± 0.1 28.6 ± 0.2
Injection tank 106 −30.4 ± 0.1 12.9 ± 0.1nhouse Gas Control 28 (2014) 300–317
September. There was therefore a delay after injection stopped on
12 September, until the carbon isotope composition returned to
almost atmospheric values by the 15th (8 days after the start of
injection).
Oxygen isotope compositions behaved in the opposite way  to
carbon with enrichment in 18O during injection. This cannot be
explained by a simple mixing between atmospheric injected CO2 as
ı18O in BH01 was  always higher than for these two end-members.
When CO2 and H2O are in contact a thermodynamic equilibrium
is reached between the oxygen isotopes of the CO2 and the water.
This leads to a shift in the ı18O of the water without affecting its ıD
(Hofmann et al., 2012). At low temperatures the water is depleted
in 18O (i.e. its ı18O decreases) whilst the CO2 is enriched in ı18O.
Results (Fig. 20) conﬁrm that isotope interaction occurred between
water and CO2, increasing the ı18O of the residual CO2 measured
in BH01. As for the carbon isotopes, the response was  fairly rapid
(apparent on 8 September) but equilibrium seems to have taken
longer; ı18O values were still increasing even after injection ended
and reached a maximum on 14 September. This maximum could
either indicate isotopic equilibrium or the end of CO2 supply. Our
data cannot distinguish between these two  options. The recovery
to baseline levels was slower and they had not been reached by 18
September.
Fig. 21 reports the coupled ı13C–ı18O variations of CO2 in
BH01 during the experiment. Prior to CO2 injection both isotope
compositions were consistent with the local atmospheric CO2 end-
member. When injection started a rapid decrease in ı13C, coupled
to an increase in ı18O was  observed. Isotope equilibrium was  then
reached for carbon while ı18O was still increasing. When CO2 injec-
tion ended, both ı13C and ı18O rapidly returned towards initial
values although recovery was not totally completed by the end of
monitoring on 18 September (Table 2).
5. Discussion
Baseline data for both the initial site assessment in 2010, and
for the July to early September period preceding the experiment,
indicate low levels of soil gas CO2 and low CO2 ﬂux rates making
a leakage signal from the experiment relatively easy to detect by
such measurements.
Surface leakage was  clearly seen by an obvious rise in both the
CO2 concentrations in the soil gas and ﬂux in and around a number
of seepage areas. This is conﬁrmed by the relationship of CO2 to
both O2 and ‘balance’ (where balance is the percentage remaining
after the gases detected are subtracted from 100%. This would be
expected to comprise largely N2 with minor Ar and other trace
gases). In biological reactions O2 is consumed at the same rate as
CO2 production and therefore reaches zero for a CO2 content of
around 21% (Beaubien et al., 2013; Romanak et al., 2012). Nitrogen
is unaffected and therefore does not change with increasing CO2.
On the other hand, when injected CO2 escapes there is a dilution
of both O2 and N2 and hence these trend towards zero for 100%
CO2. Such a dilution effect is clearly visible in the data from Svelvik
(Fig. 22).
Outside the seepage areas, including in the central area above
the injection point, there was  no sign of leakage from concentra-
tions or ﬂuxes either in intermittent surveys or more continuous
measurements. However, the C and O isotope data, albeit measured
at 50 cm depth, suggest that low level leakage was  occurring in this
area, although this did not give rise to a detectable change in the
overall level of CO2. Perhaps because the overall background levels
of CO2 were falling over the experimental period (as indicated by
all the other measurements in the central monitoring area). In this
case the isotope measurements appeared to be extremely sensi-
tive to leakage, even when the amounts involved were very small.
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his is because the isotopic signature of the injected CO2 was suf-
ciently different from that of atmospheric CO2, albeit a likely low
evel biological CO2 contribution, measured in the range −16 to
24.4‰, has been ignored. Such differences between the isotopic
ignature of the injected CO2, and ambient soil or atmospheric
O2, has been used to advantage in other injection experiments,
uch as those conducted for the RISCS project (Moni and Rasse,
013) and at the ZERT site in Montana (Fessenden et al., 2010;
revor et al., 2010; McAlexander et al., 2011), where low levels of
eakage were discernible by C isotope studies. In real CO2 storage
ites leakage detection using C isotopes is not necessarily possibleotope ratios (bottom) measured in BH01 during the experiment.
even for relatively high concentrations of CO2 depending on the
source, and hence isotopic signature, of the injected CO2. For exam-
ple, at the Weyburn site in Canada there is overlap between the
isotopic signatures of the injected and reservoir CO2 and the near-
surface biological component (Beaubien et al., 2013; Risk et al.,
2013; Trium, 2011). Thus stable C isotopes are not a clear indicator
of leakage and other approaches, including gas ratios (O2 and N2 to
CO2), radiocarbon and noble gas isotopes, have proved to be much
better at discriminating near surface biogenic CO2 from leakage of
CO2 from depth (Beaubien et al., 2013; Gilﬁllan and Haszeldine,
2011; Romanak et al., 2013; Trium, 2011).
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Fig. 21. Dual isotope (ı13C & ı18O) monitoring of the CO2 above the water table
during the experiment.
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oil  gas data from the shallow injection experiment at Svelvik.
Alignment of the vents could indicate more permeable path-
ays broadly updip (N-S) and oblique to dip. These may  be
ndicated in a general way by the pattern of Rn concentrations,
hich broadly align with the general E-W strike of the sediments
Fig. 7), although these may  result from compositional changesnhouse Gas Control 28 (2014) 300–317
(variations in 238U and other Rn parents) as well as permeability
effects.
The smallest vent near G7 would have been difﬁcult to detect
with the 5 m soil gas and ﬂux grid because it fell neatly within
a square bounded by 4 of the grid points. It was fortuitous that
the ﬁxed sampling tube at G7 fell within this grid square and on
the edge of the area of seepage, enabling this vent to be identiﬁed
and delineated. It is possible that other small areas of surface leak-
age went undetected because they fell between the grid points or
because attention was diverted to monitoring the known areas of
seepage and hence the full grid was not repeated regularly in the
latter stages of injection. However, any missed areas could not have
been large as they were not detected by the regularly monitored
ﬁxed points or evident in the EC data.
Heavy rain had a signiﬁcant effect on the soil gas concentrations
and reduced the ﬂux of CO2 for several hours, even in such a high
permeability and free-draining substrate. Rainfall has been inferred
to act as a physical barrier to ﬂow and, in larger amounts, cause
dissolution and displacement of gases (Hinkle, 1994). Flux then
increased once free pathways to the surface were re-established.
There was not a consistent pattern of ﬂux from the continuous ﬂux
monitoring of the ﬁrst two CO2 vents detected. The initial occur-
rence, near the injection well head, showed a general pattern of
rising ﬂux consistent with the ramping up of the injection rate over
time, but continued to rise even when the injection rate was  con-
stant for the last 3 days of injection. In contrast the second vent
near G7, after an initial increase, gave more variable ﬂuxes sug-
gesting pulses of CO2 release. This might perhaps be related to the
development of the further venting area to the north, which was
ﬁrst detected during a dip in the ﬂux rate at the G7 vent and which
caused a diversion of ﬂow from the earlier vent.
The maximum ﬂux observed approached 2000 g m−2 d−1. This
is similar to ﬂux rates observed at natural CO2 vents (e.g. Beaubien
et al., 2008; Krüger et al., 2011; Lewicki et al., 2007; Lombardi et al.,
2008; Pettinelli et al., 2010). However, the areas of highest ﬂux were
spatially limited to a few m2. It is difﬁcult from the measurements
made to arrive at an accurate estimate of the total leakage of CO2
from the ground surface as it was  not possible to cover all the areas
of venting in detail on every day. As the number of vents increased
new areas needed to be delineated and the total area needing to be
covered became larger. Also the daily surveys were only backed up
by continuous ﬂux measurements on two  of the vents for a limited
period of time so temporal variability is not well constrained.
An estimate was  made of the total escape of CO2 to the atmo-
sphere during the experiment based on the averaged daily survey
measurements and the areas covered. This gave a total ﬁgure of
40–70 kg during the measurement period, depending on the values
chosen for the areas covered (the higher ﬁgure using the maximum
ranges of x and y grid values, whereas the lower ﬁgure is an esti-
mate of the actual area covered). This represents less than 5% of the
injected CO2. The range of values is likely to be an underestimate
because the highest ﬂux rate areas were not necessarily covered
fully when the boundaries of the elevated ﬂux zones were being
delineated. All vents were not covered every day and so data for
an earlier day would need to be included in the estimates, how-
ever continuous data suggest that ﬂuxes were increasing up to the
end of injection. No attempt has been made to estimate the uncer-
tainty of the total release ﬁgure because too many factors are poorly
constrained.
The low level leakage near the injection point (i.e. the injection
well toe), detected only with isotopic data, has to be of very limited
scale. Even if it is assumed that all the recorded ﬂux consisted of
injected CO2 and taking an average ﬂux of 2 g m−2 d−1, which is
greater than the maximum ﬂux recorded in the central area by con-
tinuous ﬂux monitoring, and assuming that rate of escape occurred
over the entire 40 × 45 m soil gas and ﬂux grid, it would only
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mount to a total CO2 leakage of about 18 kg or 1% of the injected
O2; based on these assumptions this value is almost certainly a
arge overestimate.
The relatively small proportion of the injected CO2 seen to have
ented to the atmosphere through the ground implies that the bulk
f the gas was contained in the shallow aquifer with some perhaps
etained in the vadose zone. The hydrogeochemical data and the
eophysical monitoring are consistent with free gas in the early
tages of the injection followed by dissolution of the CO2 in the
round water (Barrio et al., in press; Gal et al., 2013).
The shallow experiment at the CO2 Field Lab has highlighted the
ifﬁculty of predicting the occurrence of surface leakage even from
 relatively shallow injection depth of 20 m.  This makes the location
f ﬁxed continuous monitoring equipment problematic as leakage
ay  occur outside the pre-deﬁned monitoring zone. The leakage
as detected during the course of the experiment by the surface gas
easurements, which were not restricted to a ﬁxed central samp-
ing zone and covered a larger area. They also had the ﬂexibility
o include additional measurements to delineate the areas of leak-
ge and monitor the ﬂux rates and it was possible to move some
f the continuous monitoring equipment to more precisely deﬁne
he leakage rates over time.
The difﬁculty of predicting where leakage might occur needs to
e taken into account when designing baseline surveys, to ensure
hat areal coverage is adequate to provide a comparison with any
uspected subsequent leakage and to allow criteria to be developed
o act as a trigger for further investigations that might be required
o establish the source of higher levels of CO2 or other monitored
ases.
Some clear indications of leakage were also detected by changes
n water chemistry, which could be directly linked to increased CO2
ontent (Gal et al., 2013). There were also responses in geophysical
ethods (EM, electrical logging, GPR) but some of these were dif-
cult to interpret and these methods could not detect any effects
ue to CO2 injection below the freshwater-saline water interface
t a depth of 12–15 m (Barrio et al., in press).
Atmospheric monitoring was compromised by the escape of CO2
irectly to the atmosphere at the head of the injection well. This
ade it hard to distinguish whether any responses were from this
ource or from nearby areas of gas seepage through the ground. In
ddition 1 Hz averaged EC data show clear non-leakage inputs of
O2 that occurred prior to injection. These could have been from
ehicle movements or generators needed to power other monitor-
ng equipment, even though efforts were made to site these as far
rom the experimental area as possible. Alternatively, they could
ave come from more distant sources, perhaps associated with the
ctive gravel workings, or from road vehicles. The nearest road is
nly about 50 m from the site, albeit behind a ridge of sand and
ravel.
Taken as a whole the monitoring datasets suggest a complex
nd tortuous migration of CO2 laterally from the injection point,
ith dissolution, displacement of both saline and fresh groundwa-
er, and then movement east and north out of the central most
eavily monitored zone. The complexity of the migration paths is
onsistent with the highly variable nature of the deposits, which
ave a wide range of grain sizes and a mix  of channelling, cross
edding and normal bedding. This behaviour was  not predicted
y pre-injection modelling, which suggested surface leakage more
irectly above the injection point (Bakk et al., 2012; Barrio et al., in
ress).
The site was disturbed by the drilling of the injection and mon-
toring wells and by the large amounts of water used for these
perations and for subsequent testing. Ideally there would have
een time to allow the site to re-equilibrate after these perturba-
ions and to ensure that this had occurred through a longer period
f baseline measurements. It appears that the cementing of thenhouse Gas Control 28 (2014) 300–317 315
plastic casing of the well (necessary to allow certain types of geo-
physical measurements to be made) was not perfect, allowing CO2
to escape initially along pathways close to the line of the well bore.
Later, when the injection rate was  increased, the gas exploited new
migration paths to reach the surface further to the north in a general
updip direction.
Zones of higher permeability were apparent around the four
20 m deep ERT (ALERT) arrays, where sediment had not completely
collapsed around the electrode arrays on removal of the well cas-
ing, and other central monitoring wells. It was  easy to insert soil
gas probes here and voids could be discerned when this was  done.
Subsequent to the experiment some consolidation of the sediments
occurred leading to surface depressions around some of the well
heads. The CO2 did not exploit these higher permeability zones,
even though it was  detected in water sampling along the ALERT
wells (Gal et al., 2013), because bentonite seals had been emplaced
at 20, 12 and c. 7 m below ground level around each of the arrays to
prevent this and to isolate the water sampling points at 5, 10 and
15 m depth.
6. Conclusions
The shallow experiment at Svelvik has highlighted the difﬁculty
in predicting the migration pathways and ultimate surface leakage
of CO2 even when the leakage is from a known injection point at
shallow depth (20 m).  In this case the CO2 reached the surface at a
number of locations between about 15 and 40 m horizontally from
the injection point. This unpredictability makes the siting of ﬁxed
monitoring equipment problematic; although the aim may  be to
monitor a potential pathway for ﬂuid migration, such as a well or
a fault, seepage at surface may  not necessarily occur close to the
wellhead or at a particular point along a fault.
Initially the leaking CO2 exploited a pathway close to the line
of the injection well implying imperfect cementation around the
plastic casing. As the injection rate was  increased the gas followed
additional pathways to emerge further north. The main areas of
surface leakage were well deﬁned by soil gas and ﬂux measure-
ments with subsurface hydrochemistry and geophysical methods
giving some indications of the behaviour of the injected CO2 below
ground but not sufﬁcient to delineate the plume in detail.
There are advantages in mobile approaches to monitoring, tech-
niques which allow a relatively large area to be covered or those
where ﬁxed equipment can be moved to monitor at a new location.
Thus in the case of the CO2 Field Lab shallow experiment the wider
area covered by soil gas and ﬂux measurements enabled leakage to
surface outside the predicted zone to be detected. This should also
have been possible with mobile measuring methods had it been
practicable to deploy these more extensively at the site (their use
being largely ruled out by the plethora of surface equipment and
personnel in a small area).
The individual areas of surface seepage of CO2 were small (<10 m
across, although some did coalesce), thus representing a small tar-
get to locate in the potentially large area covered by the surface
footprint of an industrial scale CCS site. This is consistent with
observations at other shallow surface release experiments (e.g.
Lewicki et al., 2009; Strazisar et al., 2009) and at sites of natural
CO2 leakage (e.g. Annunziatellis et al., 2008; Beaubien et al., 2008;
Jones et al., 2009; Krüger et al., 2011; Lewicki et al., 2007; Pettinelli
et al., 2010; Rogie et al., 2000; Vodnik et al., 2006; Ziogou et al.,
2013) where the surface expression and ﬂux rates are similar.
Whilst it appears that the main areas of CO2 degassing were
identiﬁed, C and O isotopic data at a single point suggested a small
amount of leaking injected gas closer to the injection point. This was
not detectable in the soil gas concentrations or ﬂuxes in spite of the
low baseline values at the site, probably because the background
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Table  2
Summary of the pros and cons of the different near surface gas techniques used for the CO2 Field Lab project and their outcomes during the shallow injection experiment.
Note  that the costs are only relative between these methods.
Technique Area Mode Pros Cons Outcomes at CO2 Field
Lab
Soil gas-ﬁeld Point Survey Quick and easy. Instant
data. Relatively low cost
Low precision. Large areas
time consuming so costs
increase
Discovered/veriﬁed
seeps over time
Soil  gas-ﬁeld lab Point Survey Higher precision, data
available in the ﬁeld
More laborious and costly.
Some delay in data. Large
areas time consuming
Conﬁrmation of ﬁeld
measurements at
better precision
Soil  gas lab Point Survey Highest precision. Potential
to analyse wider range of
gases to determine source
Most laborious and costly.
Data delayed. Large areas
time consuming
Conﬁrmation of ﬁeld
measurements
Soil  gas monitoring
probe(s)
Point(s) Continuous Relatively low cost
continuous data at a
network of points. Remote
data access possible
Precision depends on
sensors. Fixed points so
could miss leakage
(although easy to relocate)
No signs of leakage
detected above
injection point. Could
have been redeployed
to vents
C/O  Isotopes – ﬁeld Point(s) Continuous Data available rapidly in
ﬁeld. May  be able to
determine source of gas if
isotopic signatures
diagnostic
Moderately high cost. May
not be diagnostic of source
in some cases. Single
points only
Very sensitive to small
amounts of leakage
C/O  Isotopes – lab Point Survey May  be able to determine
source of gas if isotopic
signatures diagnostic
Higher cost. Delay in data.
May  not be diagnostic of
source in some cases
Baseline data and
conﬁrmation of ﬁeld
results
Chamber ﬂux Small area (e.g.
0.03 m2)
Survey Quick and easy. Instant
data. Relatively low cost
Coverage of large areas
time consuming so costs
increase
Discovered/veriﬁed
seeps over time
Multichamber ﬂux Small areas
(n × 0.03 m2)
Continuous Moderate cost continuous
data at a network of points.
Remote data access
possible
Fixed points so could miss
leakage (although easy to
relocate)
No leakage detected
above injection point.
Showed temporal
changes of vents
Eddy  covariance Medium area
(100 s m2)
Continuous Flux over larger area, useful
additional parameters for
general data interpretation.
Continuous data at high
rate
Footprint varies with wind
speed and direction.
Assumptions implicit in
method may not be met.
Susceptible to CO2 inputs
other than leakage.
Complex data processing
Leakage not detected
because of distance
and wind direction and
speed. Affected by
above ground releases
and other sources of
CO2
Mobile open path laser Large areas (km2) Survey Coverage of large areas
quickly with instant data at
high repeat rates - can
check anomalies
immediately
Needs vehicle access. Tall
vegetation and vehicle
exhaust may  affect
readings. Moderately high
cost
Restricted by crowded
site. May  have detected
leakage but affected by
above ground release
Weather station Point Continuous Very useful adjunct for
data interpretation if data
t avail
isting 
Additional cost Useful background
information to aid
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evels above the injection point were generally falling during injec-
ion. It is possible that such low level leakage was more widespread,
lthough not likely to have been responsible for the escape of a sig-
iﬁcant amount of the injected gas at Svelvik. However, this raises
he possibility that low level seepage could be more widespread
han is currently thought as attention is inevitably focussed on
he more obvious vent features, which are easily detectable above
ackground levels. That said, this process may  also be very site spe-
iﬁc, with the highly permeable nature of the sediments at Svelvik
ontributing to it. The extent of low level gas egress could be tested
t natural CO2 seepage sites using, for example, stable C isotope
atios. This is feasible because at many sites there is a sufﬁcient
ontrast between the isotopic signature of the escaping geogenic
O2 and that produced by shallow biological processes to make
his a more sensitive leakage indicator than soil gas CO2 concen-
rations or ﬂuxes. This would help to establish whether leakage is
ainly through relatively small discrete vents with high concen-
rations and ﬂuxes or if there is a signiﬁcant component emitted at
uch lower rates but potentially over larger areas. This is an impor-
ant consideration in the quantiﬁcation of any detected leakage
s required by EU Emissions trading legislation (European Union,
009a).able from nearby
weather station
interpretation
The relative pros and cons of the of the different near surface
gas techniques, and associated methods, used at the CO2 Field Lab
have been summarised in Table 2. The table also provides an assess-
ment of the outcomes of their use during the shallow injection
experiment.
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